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)LJ3DUWLDOURRWSLSHZHOG2[LGDWLRQUHYHDOVWKHVKDSHRIWKHWHPSHUDWXUHGLVWULEXWLRQGXULQJZHOGLQJ
)LQLWH (OHPHQW $QDO\VHV DUH D YHU\ FRQYHQLHQW ZD\ WR SUHGLFW ZHOG UHVLGXDO VWUHVVHV EHIRUH RU DIWHU
PDQXIDFWXULQJ7KHUHVXOWVDUHRIWHQXVHGDVUDZGDWDLQVXEVHTXHQWIUDFWXUHPHFKDQLFVDQDO\VHVWRDVVHVVDPRQJ
RWKHUVFULWLFDOFUDFNVL]H7KHSURFHGXUHVLPXODWHVWKHVXFFHVVLYHDGGLWLRQRIPROWHQPHWDOWKDWFRROVDQGFRQVLVWVRI
WZR GLVWLQFW VWHSV D WUDQVLHQW WKHUPDO DQDO\VLV IROORZHG E\ DQ HODVWLFSODVWLF PHFKDQLFDO DQDO\VLV )RU SUDFWLFDO
UHDVRQVDQGGHVSLWHWKHWKUHHGLPHQVLRQDOQDWXUHRIWKHSUREOHPWKHVHVLPXODWLRQVKDYHXSWRYHU\UHFHQWO\EHHQ
FDUULHGRXWLQWZRGLPHQVLRQVRQO\VHHIRUH[DPSOH>@7KHEHQHILWVDUHREYLRXVHDVLHUPRGHOOLQJSURFHGXUHDQG
VPDOOHU PRGHOV OHDGLQJ WR ORZHU UHTXLUHPHQW RQ FRPSXWHU PHPRU\ DQG SURFHVVRU VSHHG 8QIRUWXQDWHO\ WKLV
DSSUR[LPDWLRQKDVDOVRGUDZEDFNV)LUVWO\ LQ WZRGLPHQVLRQVKHDWFDQRQO\SURSDJDWHSHUSHQGLFXODU WR WKHZHOG
GLUHFWLRQZKHUHDVLQUHDOLW\LWFDQSURSDJDWHLQDOOGLUHFWLRQV7KLVFDOOVIRUD+HDW6RXUFH&DOLEUDWLRQZKLFKDLPVDW
UHGXFLQJWKHDPRXQWRIHQHUJ\WUDQVIHUUHGWRWKHVLPXODWLRQPRGHO7KLVSURFHGXUHLVQRWVWUDLJKWIRUZDUGDQGLVVWLOO
WKHIRFXVRIDFWLYHUHVHDUFKPHDQLQJWKDWQRXQLTXHFDOLEUDWLRQPHWKRGSUHYDLOV6HFRQGO\DVDZHOGEHDGLQDWZR
GLPHQVLRQDOVLPXODWLRQUHGXFHVWRDVXUIDFHDGGLQJDQHZEHDGRFFXUVQHFHVVDULO\LQVWDQWO\ZKHUHDVLQUHDOLW\WKH
EHDG LV ODLG GRZQ RYHU D FHUWDLQ GXUDWLRQ GXULQJ ZKLFK WKH EHDG IURQW ORFDWLRQ FRQVWDQWO\ PRYHV IRUZDUGV $
GHWDLOHGUHYLHZRILVVXHVUHODWHGWR'DQG'VLPXODWLRQVLVSUHVHQWHGLQ>@
)LQDOO\ VRPH HIIHFWV FDQ RQO\ EH FDXJKW LQ WKUHH GLPHQVLRQDO VLPXODWLRQV$PRQJ WKRVH VWDUWVWRS DQGZHOG
UHSDLUDUHSDUWLFXODUO\LQWHUHVWLQJ:KHQFORVLQJDFLUFXODUZHOGRUZKHQFKDQJLQJDZHOGLQJHOHFWURGHDIWHUSDUWLDOO\
ZHOGLQJDEHDGDSRUWLRQRIWKHZHOGLVUHKHDWHGZKLFKPDUNHGO\DOWHUVWKHUHVLGXDOVWUHVVHVLQWKLVVSHFLILFUHJLRQ
:KHQLWFRPHVWRZHOGUHSDLUDQGHVSHFLDOO\SDUWLDOZHOGUHSDLULQWKHHYHQWXDOLW\RIKDYLQJIRXQGDFUDFNRIOLPLWHG
H[WHQVLRQ JULQGLQJ D SRUWLRQ RI RQH RI VHYHUDO EHDGV DQG UHZHOGLQJ WKH UHPRYHG SDUW DOVRPDUNHGO\ DOWHUV WKH
UHVLGXDO VWUHVVHV LQ WKH UHJLRQ 'LIIHUHQW DWWHPSWV WR VWXG\ ZHOG UHSDLUV FDQ EH IRXQG LQ >@ ZKHUH FKDQJHV LQ
PLFURVWUXFWXUH DUH LQ IRFXV DQG LQ >@ ZKHUH VLPXODWLRQV UHVXOWV DUH FRPSDUHG ZLWK PHDVXUHPHQWV 6XFK
FRPSDULVRQVKDYHVKRZQEHWWHUDQGEHWWHUDJUHHPHQWVHH>@DVERWKPHDVXUHPHQWWHFKQLTXHVLQFUHPHQWDO'HHS
+ROH'ULOOLQJ&RQWRXUPHWKRGDQGVLPXODWLRQVFDSDELOLWLHVKDYHUDSLGO\LPSURYHGGXULQJWKHSDVWIHZ\HDUV
+HUHDWKUHHGLPHQVLRQDOPRGHORIDF\OLQGULFDOVWUXFWXUHLVSUHVHQWHG7KHZHOGFRQVLVWVRIILYHEHDGVRI$OOR\
DQGFRQQHFWVGLVVLPLODUPHWDOVQDPHO\$OOR\DQGVWDLQOHVVVWHHO66/+HDWLQSXWLVWDNHQGLUHFWO\IURP
WKH:HOG3URFHGXUH6SHFLILFDWLRQFRUUHVSRQGLQJWRWKHJHRPHWU\5HVXOWVRIWKHWKUHHGLPHQVLRQDOVLPXODWLRQVDUH
ILUVWH[WUDFWHGLQGLIIHUHQWFURVVVHFWLRQVDWGLIIHUHQWDQJOHVDQGFRPSDUHGWRDWZRGLPHQVLRQDOVLPXODWLRQ
$IWHUZDUGVHIIHFWVRIVWDUWVWRSDQGSDUWLDOZHOGUHSDLUVDUHVLPXODWHGDQGUHVXOWVDUHSUHVHQWHG LQ WKHUHOHYDQW
FURVVVHFWLRQV)LQDOO\WRLOOXVWUDWHWKHHIIHFWRQDFFHSWDEOHFUDFNVL]HIUDFWXUHPHFKDQLFVDQDO\VHVDUHFDUULHGDWWKH
&HQWHU/LQHORFDWLRQ
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6LPXODWLRQPRGHOV
7KHSXUSRVHRIWKLVVWXG\LVWRVLPXODWHWKHZHOGLQJSURFHVVEHWZHHQWZRF\OLQGHUV%RWKF\OLQGHUVKDYHWKHVDPH
LQQHU UDGLXV 5 PPDQG WKH VDPH WKLFNQHVV W PP(DFKF\OLQGHUKDVDKHLJKW VOLJKWO\ ODUJHU WKDQ
 Rt WKLVLVWRVD\PPVRWKDWWKHERXQGDU\FRQGLWLRQVDWWKHHQGVRIWKHF\OLQGHUGRQRWLQIOXHQFHWKHZHOG
UHJLRQ7ZRPRGHOVZHUHEXLOWDWZRGLPHQVLRQDOD[LV\PPHWULFPRGHODQGDWKUHHGLPHQVLRQDOPRGHO,QRUGHUWR
OLPLWWKHVLPXODWLRQWLPHRQO\DKDOIRIWKH'JHRPHWU\ZDVPRGHOOHGVHH)LJ$VLWZLOOEHVKRZQLQVHFWLRQ
KDOIDPRGHOLVVXIILFLHQWWRFDSWXUHWKHWUDQVLHQWDQGWKHVWHDG\VWDWHUHJLPHV7KHWZRGLPHQVLRQDOD[LV\PPHWULF
PRGHOLVORFNHGLQWKHYHUWLFDOGLUHFWLRQWRDYRLGULJLGERG\PRWLRQ7KHORZHUKDOIF\OLQGHURIWKHWKUHHGLPHQVLRQDO
PRGHOLVORFNHGLQDOOWKUHHGLUHFWLRQVZKHUHDVWKHWRSRIWKHXSSHUF\OLQGHULVWRWDOO\XQFRQVWUDLQHG
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7KHZHOGLQIRFXVKHUHLVD'LVVLPLODU0HWDO:HOGFRQQHFWLQJWRJHWKHU6WDLQOHVV6WHHO/WRDQLFNHOEDVHG
DOOR\$OOR\VHH)LJD7KHZHOGPDWHULDOLVDOVRDQLFNHOEDVHGDOOR\$OOR\,QWKHVLPXODWLRQVERWK
$OOR\DQG$OOR\DUHDVVLJQHGWKHVDPHWKHUPDODQGPHFKDQLFDOSURSHUWLHV7KHZHOGFRQVLVWRIEHDGVODLG
V\PPHWULFDOO\ZLWKUHVSHFWWRWKH&HQWHU/LQHVHH)LJE3DUWVRIEHDGVDQGOD\RXWVLGHWKHZHOGSUHSDUDWLRQ
DUHDWKLVH[WUDPDWHULDOXVXDOO\FDOOHGFDSSLQJLVUHPRYHGLQWKHODVWVWHSRIWKHVLPXODWLRQ
7KHPHVKRIWKH'PRGHOYLVLEOHLQVHYHUDOSLFWXUHVLQWKHQH[WVHFWLRQVLVUHYROYHGIURPWKHPHVKIURPWKH'
PRGHO7KHQXPEHURIHOHPHQWVLQWKHKRRSGLUHFWLRQLV6LPLODUPHVKHVDOORZHDVLHUFRPSDULVRQDQGHOLPLQDWH
SRVVLEOHGLVFUHSDQFLHVGXHWRGLIIHUHQWPHVKGHQVLWLHV7KH'PHVKFRQVLVWVRIQRGHVDQGRIIRXUQRGHV
HOHPHQWVZKHUHDVWKH'PHVKFRQVLVWVRIQRGHVDQGRIHLJKWQRGHVHOHPHQWV
7KHPHFKDQLFDOPDWHULDOEHKDYLRUVRI$OOR\DQG/IROORZDQRQOLQHDU LVRWURSLFKDUGHQLQJPRGHODQGD
QRQOLQHDUPL[HGKDUGHQLQJPRGHOUHVSHFWLYHO\VHH>@IRUGHWDLOV7KHZHOGLQJVLPXODWLRQFRQVLVWVRIWZRGLVWLQFW
VWHSVDWKHUPDODQDO\VLVIROORZHGE\DPHFKDQLFDODQDO\VLV7KH)LQLWH(OHPHQWSURFHGXUHVLPXODWHVWKHVXFFHVVLYH
DGGLWLRQ RIPROWHQPHWDO WKDW FRROV LQ D VHTXHQFH RI WUDQVLHQW WKHUPDO DQDO\VHV DQG HODVWLFSODVWLF DQDO\VHV $OO
VLPXODWLRQVDUHFDUULHGRXWXVLQJWKH)LQLWH(OHPHQWSURJUDP$EDTXV>@
7KHUPDOVLPXODWLRQV
3.1. Two dimensional simulations 
$VWKHDFWXDO'ZHOGLQJSURFHVVLVPRGHOOHGE\'DQDO\VHVDFHQWUDOLVVXHLVWRHYDOXDWHWKHDPRXQWRIKHDW
WUDQVIHUUHGWR WKHPRGHOIRUHYHU\DGGHGEHDG7KHOLTXLGZHOGSRRO LVPRGHOHGE\DQHTXLYDOHQWKHDWFRQGXFWLRQ
PRGHOFRUUHVSRQGLQJWRWKHZHOGLQJPHWKRG+HDW6RXUFH&DOLEUDWLRQLVFRQGXFWHGXVLQJWKHWUDYHOOLQJKHDWVRXUFH
PHWKRG EDVHG RQ DFWXDO :HOGLQJ 3URFHGXUH 6SHFLILFDWLRQV VHH >@ IRU GHWDLOV )RU WKLV VSHFLILF ZHOG WKH
WHPSHUDWXUH LVUDPSHGXSEHWZHHQ&WR&GXULQJVDQGKROGDW&GXULQJV7KH LQWHUSDVV
WHPSHUDWXUHLVVHWWR&)LJVKRZVWKHWHPSHUDWXUHGLVWULEXWLRQLQWKHPRGHODIWHUOD\LQJWKHILUVWEHDGDQGDIWHU
OD\LQJWKHILIWKEHDG

  
 D E
)LJ'PRGHOWHPSHUDWXUHGLVWULEXWLRQGXULQJWKHZHOGLQJRIDWKHILUVWEHDGDQGEWKHODVWEHDG9DOXHVDUHLQ&GHJUHHV
3.2. Three dimensional simulations 
$V SUHYLRXVO\ PHQWLRQHG ZKHQ GHDOLQJ ZLWK ' VLPXODWLRQ WKH QHHG IRU +HDW 6RXUFH &DOLEUDWLRQ YDQLVKHV
,QVWHDGGDWDIURP:HOGLQJ3URFHGXUH6SHFLILFDWLRQVFDQEHXVHGGLUHFWO\.QRZOHGJHRIWKHZHOGOHQJWKDQGRIWKH
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WUDYHOVSHHGJLYHVWKHVLPXODWLRQUXQQLQJWLPHNQRZOHGJHRIWKHQHWOLQHHQHUJ\DQGRIWKHEHDGFURVVVHFWLRQJLYHV
WKHKHDWIORZVHH7DEOHIRUYDOXHVXVHGLQWKH'VLPXODWLRQ
7DEOH+HDWIORZYDOXHV
 1HWOLQHHQHUJ\>N-P@
%HDGFURVV
VHFWLRQ
>PP@
+HDWIORZ
>7-P@
%HDG   
%HDG   
%HDG   

7KHDPRXQWRIKHDWWUDQVIHUUHGWRWKHPRGHOLVREYLRXVO\SURSRUWLRQDOWRWKHYROXPHLQZKLFKKHDWIORZDFWXDOO\
RFFXUV7KHUHIRUHDVZHOODVWKHWUDYHOVSHHGDQGWKHKHDWIORZYDOXHVWKHVL]HRIWKLVYROXPHQHHGVWREHDGMXVWHG
&DOLEUDWLRQFDQEHPDGHVLPSO\E\VHWWLQJWKHFLUFXPIHUHQWLDOOHQJWKRIWKHZHOGSRROHTXDOWRWKHKHLJKWRIWKHEHDG
ZKLFKLVFRQVLVWHQWZLWKH[SHULPHQWDOREVHUYDWLRQV$VQDSVKRWRIWKH'WKHUPDOVLPXODWLRQRIWKHILUVWEHDGFDQEH
VHHQ LQ )LJ  &RPSDULVRQ EHWZHHQ WKLV SLFWXUH DQG WKH SKRWRJUDSK\ LQ )LJ  VKRZV WKDW WKH VKDSHV RI WKH
WHPSHUDWXUHGLVWULEXWLRQVDUHYHU\VLPLODU
$ FRPPRQ ' VLPXODWLRQ WHFKQLTXH LV WR DGG PDWHULDO LQ D GLVFUHWH PDQQHU E\ UHSHDWHGO\ DFWLYDWLQJ VPDOO
SRUWLRQVRIWKHZHOGVHH>@IRUH[DPSOH+HUHLQVWHDGE\VZHHSLQJWKURXJKWKHZKROHEHDGOHQJWKKHDWLQSXWDQG
PDWHULDOGHSRVLWLRQRFFXUFRQWLQXRXVO\
1RWH WKDW LQ ' WKH KHDW LQSXW SDUDPHWHUV DUH WKH PHOWLQJ WHPSHUDWXUH WKH UDPSLQJ WLPH DQG WKH KROG WLPH
ZKHUHDVLQ'VLPXODWLRQVLQSXWSDUDPHWHUVDUHWKHKHDWIORZDQGWKHZHOGSRROFLUFXPIHUHQWLDOOHQJWK


)LJ7HPSHUDWXUHGLVWULEXWLRQGXULQJILUVWEHDGZHOGLQJ'PRGHO9DOXHVDUHLQ&GHJUHHV
'UHVXOWVDQGFRPSDULVRQZLWK'
)LJVKRZV'ZHOGUHVLGXDOVWUHVVHVRQWKHLQVLGHLQWKHD[LDOGLUHFWLRQıLQDF\OLQGULFDOFRRUGLQDWHV\VWHP
DQG )LJ  VKRZV 'ZHOG UHVLGXDO VWUHVVHV RQ WKH LQVLGH LQ WKH KRRS GLUHFWLRQ ı LQ D F\OLQGULFDO FRRUGLQDWH
V\VWHP6XEVHTXHQW'SORWVDUHRULHQWHGLQWKHVDPHZD\ZLWKWKHZHOGEHLQJODLGIURPOHIWWRULJKW7KHOHIWDQG
WKHULJKWORFDWLRQVDUHLQWKHIROORZLQJUHIHUUHGWRDVWKHDQGWKHORFDWLRQUHVSHFWLYHO\DQGDFWDVUHIHUHQFH
IRUDOOORFDWLRQVLQEHWZHHQ
7KHPDLQUHVXOWLVWKDWVWUHVVGLVWULEXWLRQVLQGLIIHUHQWFURVVVHFWLRQVFKDQJHDORQJWKHZHOG7KLVLVGXHWRWKHIDFW
WKDWWKHVWHDG\VWDWHUHJLPHLVSUHFHGHGE\DWUDQVLHQWUHJLPH)RUWKLVSDUWLFXODUJHRPHWU\VWHDG\VWDWHLVUHDFKHG
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DIWHU DSSUR[LPDWHO\  7KHUHDIWHU WKH LQIOXHQFH RI WKH VXUIDFH DW  DOWHU WKH UHVXOWV 7KLV REVHUYDWLRQ LV
FRQVLVWHQWZLWKHDUOLHUZRUNVHH>@IRUH[DPSOH




)LJ'PRGHOD[LDOVWUHVVRQWKHLQVLGH:HOGGLUHFWLRQLVLQGLFDWHGE\WKHEODFN
DUURZDQGFURVVVHFWLRQDWLVPDWHULDOL]HGE\DGRWWHGOLQH9DOXHVDUHLQ3D


)LJ'PRGHOKRRSVWUHVVRQWKHLQVLGH:HOGGLUHFWLRQLVLQGLFDWHGE\WKHEODFN
DUURZDQGFURVVVHFWLRQDWLVPDWHULDOL]HGE\DGRWWHGOLQH9DOXHVDUHLQ3D
6WUHVVGLVWULEXWLRQVLQFURVVVHFWLRQVDWZHUHH[WUDFWHGIURPWKH'PRGHODQGSORWWHGLQ)LJVEHVLGH
FRUUHVSRQGLQJ'FDVHV$[LDO VWUHVV GLVWULEXWLRQV DUHYHU\ VLPLODU ERWK LQ WKHZHOG DQG DW D GLVWDQFH VHH)LJ
+RRSVWUHVVGLVWULEXWLRQVDUHYHU\VLPLODUDWDGLVWDQFHZKHUHDVWKHKLJKVWUHVVDUHDVLQWKHZHOGLVVRPHZKDWVKLIWHG
WRZDUGVWKHQLFNHOEDVHGDOOR\VLGHVHH)LJ
6WUHVVHV DUH REYLRXVO\ QRW V\PPHWULFDOZLWK UHVSHFW WR WKHZHOG D[LDO VWUHVVHV KDYHKLJKHUPDJQLWXGHV LQ WKH
QLFNHOEDVHGPDWHULDODQGKRRSVWUHVVHVEHORZWKHZHOGDUHPRUHFRPSUHVVLYHWKDQLQWKHUHJLRQRYHUWKHZHOG7KH
H[SODQDWLRQLVDVIROORZV

:HOGVWDUW :HOGVWRS
:HOGVWRS:HOGVWDUW
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  
 D E
)LJ$[LDOVWUHVVFRPSDULVRQD'PRGHODWDQGE'PRGHO9DOXHVDUHLQ3D
  
 D E
)LJ+RRSVWUHVVFRPSDULVRQD'PRGHODWDQGE'PRGHO9DOXHVDUHLQ3D
$VGHVFULEHGLQVHFWLRQWKHF\OLQGHUFRQVLGHUHGKHUHKDVDQLQQHUUDGLXVRI5 PPDQGDWKLFNQHVVRIW 
PP7KHUDWLR5WLVWKHUHIRUHDSSUR[LPDWHO\7KHEHDGVL]HFKDUDFWHULVWLFOHQJWKFDQEHVHWWRE PP
ZKLFKJLYHVDEWUDWLRRI
7KHVHUDWLRVDUHRILQWHUHVWZKHQGHDOLQJZLWKD[LV\PPHWULFJHRPHWULHVDVWKH\JLYHDQLQGLFDWLRQRQWKHJOREDO
GHIRUPDWLRQ VKDSH WKDW LQ WXUQ GHWHUPLQHV WKH VWUHVVHV LQ WKHZHOG 6PDOOR/t DQGb/t UDWLRV UHQGHUZHOG UHVLGXDO
SURILOHVJRLQJIURPWHQVLRQWRFRPSUHVVLRQWRWHQVLRQLQDFKDUDFWHULVWLFVLQXVOLNHVKDSHZKHUHDVKLJKR/tDQGb/t
UDWLRVUHQGHUPRUHOLQHDUVWUHVVSURILOHVJRLQJIURPWHQVLRQRQWKHLQVLGHWRFRPSUHVVLRQRQWKHRXWVLGH7KLVODWWHU
SURILOHLVWKHUHIRUHWKHRQHWREHH[SHFWHGKHUHZKLFKLVFRQVLVWHQWZLWK)LJDQGZLWKWKH'SORWDVZHOGHGLQ
)LJ6RPHGLVWDQFHDERYHDQGEHORZWKHZHOGWKRXJKWRFRPSO\ZLWKWKHJOREDOGHIRUPDWLRQVKDSHWKHVWUHVV
GLVWULEXWLRQ LV UHYHUVHG DQG VWUHVVHV JR IURP FRPSUHVVLYH RQ WKH LQVLGH WR WHQVLOH RQ WKH RXWVLGH 'LVFUHSDQFLHV
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EHWZHHQ WKH UHJLRQV DERYH DQG EHORZ WKHZHOG DUH GXH WRPDWHULDO SURSHUWLHV 6WDLQOHVV VWHHO KDV ORZHU<RXQJ
V
PRGXOXVDQGORZHU\LHOGVWUHVVWKDQ1LFNHOEDVHGDOOR\6WUHVVPDJQLWXGHVDUHWKHUHIRUHORZHULQWKHVWDLQOHVVVWHHO
F\OLQGHU
:KHQ LW FRPHV WR KRRS VWUHVV WKH ODUJH FRPSUHVVLYH UHJLRQ EHORZ WKH ZHOG KDV WR GR DJDLQ ZLWK PDWHULDO
SURSHUWLHV7KHWKHUPDOH[SDQVLRQFRHIILFLHQWIRUVWDLQOHVVVWHHOLVKLJKHUWKDQWKHWKHUPDOH[SDQVLRQFRHIILFLHQWIRU
QLFNHOEDVHGDOOR\&RQVHTXHQWO\IRUWKHVDPHWHPSHUDWXUHGHFUHDVHWKHSDUWLQVWDLQOHVVVWHHOFRQWUDFWVPRUHWKDQ
WKHSDUWLQQLFNHOEDVHGDOOR\WKHVWDLQOHVVVWHHOLVWKHUHIRUHLQWHQVLRQZKHQWKHQLFNHOEDVHGDOOR\LVLQFRPSUHVVLRQ
6WDUW6WRS(IIHFWV
&LUFXPIHUHQWLDOZHOGVQHHGWREHFORVHGDQGLWLVVRPHWLPHVQHFHVVDU\WRFKDQJHHOHFWURGHV7KHUHJLRQVZKHUH
WKHVHHYHQWVRFFXUDUHRISDUWLFXODULQWHUHVWDVWKH\H[SHULHQFHDQRWKHUWKHUPDODQGPHFKDQLFDOORDGLQJKLVWRU\
)LJXUHVKRZV'ZHOGUHVLGXDOVWUHVVHVRQWKHLQVLGHLQWKHD[LDOGLUHFWLRQDQG)LJVKRZV'ZHOGUHVLGXDO
VWUHVVHVRQWKHLQVLGHLQWKHKRRSGLUHFWLRQ
7KHSODQHZKHUHWKHZHOGFORVXUHHYHQWRFFXUV LV WKHSODQH7KHULJKWSDUWRI WKHPRGHOEHWZHHQDQG
 LV ZHOGHG ILUVW IROORZHG E\ WKH OHIW SDUW RI WKH PRGHO EHWZHHQ  DQG  &RPSDULVRQ RI D[LDO VWUHVV
GLVWULEXWLRQV)LJDQG)LJDQGRIKRRSVWUHVVGLVWULEXWLRQV)LJDQG)LJUHYHDOVQRWLFHDEOHGLIIHUHQFHV
6WUHVVPDJQLWXGHVDUHKLJKHUERWKWHQVLOHDQGFRPSUHVVLYHDQGUHJLRQVZLWKKLJKVWUHVVPDJQLWXGHVDUHODUJHU)LJ
VKRZVD[LDODQGKRRSVWUHVVHVLQWKHVWDUWVWRSSODQH&RPSDULVRQZLWK)LJDQG)LJFRQILUPVWKHKLJKHUOHYHO
LQVWUHVVPDJQLWXGHVWKURXJKRXWWKHWKLFNQHVV
7KHSODQHZKHUHWKHZHOGFORVXUHHYHQWRFFXUV LV WKHSODQH7KHULJKWSDUWRI WKHPRGHOEHWZHHQDQG
 LV ZHOGHG ILUVW IROORZHG E\ WKH OHIW SDUW RI WKH PRGHO EHWZHHQ  DQG  &RPSDULVRQ RI D[LDO VWUHVV
GLVWULEXWLRQV)LJDQG)LJDQGRIKRRSVWUHVVGLVWULEXWLRQV)LJDQG)LJUHYHDOVQRWLFHDEOHGLIIHUHQFHV
6WUHVVPDJQLWXGHVDUHKLJKHUERWKWHQVLOHDQGFRPSUHVVLYHDQGUHJLRQVZLWKKLJKVWUHVVPDJQLWXGHVDUHODUJHU)LJ
VKRZVD[LDODQGKRRSVWUHVVHVLQWKHVWDUWVWRSSODQH&RPSDULVRQZLWK)LJDQG)LJFRQILUPVWKHKLJKHUOHYHO
LQVWUHVVPDJQLWXGHVWKURXJKRXWWKHWKLFNQHVV
$[LDOVWUHVVGDWDH[WUDFWHGIURPWKHVWHDG\VWDWHUHJLPHDW)LJDQGIURPWKHVWDUWVWRSSODQHDW)LJ
ZLOOEHXVHGLQVHFWLRQIRUDUHOLDELOLW\DQDO\VLV
1RWHWKDWWKHZHOGFORVXUHUHVXOWVSUHVHQWHGKHUHVKRXOGEHVHHQDVDFRQVHUYDWLYHXSSHUERXQGDVDOOVWDUWVWRS
HYHQWVRFFXULQWKHVDPHSODQHWKHSODQH,QUHDOLW\LWLVOLNHO\WKDWRSHUDWRUVFKRRVHWRVWDUWEHDGVDWGLIIHUHQW
ORFDWLRQVLQRUGHUWRPLQLPL]HWKHGHWULPHQWDOHIIHFWRIVWDUWVWRSHYHQWV





)LJ'PRGHOD[LDOVWUHVVRQWKHLQVLGH7KHVWDUWVWRSSODQHLQWKHPLGGOH
LVPDWHULDOL]HGE\DGRWWHGOLQH9DOXHVDUHLQ3D

  
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



)LJ'PRGHOKRRSVWUHVVRQWKHLQVLGH7KHVWDUWVWRSSODQHLQWKHPLGGOH
LVPDWHULDOL]HGE\DGRWWHGOLQH9DOXHVDUHLQ3D

  
 D E
)LJ'PRGHODD[LDODQGEKRRSVWUHVVLQWKHVWDUWVWRSSODQH9DOXHVDUHLQ3D
:HOGUHSDLU
(YHQO\ VSDFHG LQVSHFWLRQV DOORZ VRPHWLPHV WRGHWHFW FUDFNV ,Q WKLV HYHQWXDOLW\ LW LVRIWHQSUHIHUDEOH WRGLJ D
FDYLW\WRUHPRYHWKHHQWLUHFUDFNSODQH7KHUHDIWHUWKHFDYLW\LVILOOHGZLWKQHZVROGHUPDWHULDO&UDFNVEHLQJRIWHQ
GHWHFWHGHDUO\KDYHQRWXVXDOO\SURSDJDWHGDOODORQJWKHZHOGDQGDUHRIOLPLWHGH[WHQVLRQ7KHUHSDLULVWKHUHIRUH
DOVRRIOLPLWHGH[WHQVLRQ)LJVKRZVWKHJHRPHWU\RIWKHUHSDLUVWXGLHGKHUH7KHUHPRYHGSDUWZDVDVVXPHGWR
EHWKHILUVWEHDGDQGWRFRYHUDDUFV\PPHWULFDOO\SODFHGZLWKUHVSHFWWRWKHSODQH

  
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5HVXOWVIURPWKH'VLPXODWLRQVDUHVKRZQLQ)LJDD[LDOVWUHVVDQG)LJEKRRSVWUHVV$VIRUVWDUWVWRS
HYHQWV LWDSSHDUVFOHDUO\ WKDW UHSDLUV LQFUHDVHVWUHVVPDJQLWXGHVDQGVL]HVRI UHJLRQVZLWKKLJKVWUHVVPDJQLWXGHV
VHH)LJDDQG)LJEIRUFRPSDULVRQZLWK'DVZHOGHGVLPXODWLRQV
(YHQPRUHUHOHYDQWZRXOGEHWRFRPSDUH'UHSDLUVLPXODWLRQVZLWKD[LV\PPHWULF'UHSDLUVLPXODWLRQV5HVXOWV
ZKLFKREYLRXVO\FRUUHVSRQGWRDUHSDLUDUHVKRZQLQ)LJEDQG)LJE$QLQWHUHVWLQJIHDWXUHLVWKDWERWK
D[LDODQGKRRSVWUHVVGLVWULEXWLRQVUHYHDODODUJHUHJLRQZLWKKLJKFRPSUHVVLYHVWUHVVHVRQWKHRXWHUSDUWRIWKHZHOG
,Q D IUDFWXUHPHFKDQLFV DQDO\VLV VXFKKLJK FRPSUHVVLYH VWUHVVHVZRXOG FDXVHSRZHUIXO FUDFN DUUHVW DQGJLYH WKH
HUURQHRXVLPSUHVVLRQWKDWWKHUHSDLUHGZHOGLVPXFKPRUHUHOLDEOHWKDQLWDFWXDOO\LV,QWKLVFDVH'VLPXODWLRQVDUH
QRWFRQVHUYDWLYH


)LJ5HSDLUJHRPHWU\DIURQWDQGWRSYLHZVEFURVVVHFWLRQRIWKHUHSDLUUHJLRQ

  
 D E
)LJ$[LDOVWUHVVFRPSDULVRQD'PRGHODWDQGE'PRGHO9DOXHVDUHLQ3D

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  
 D E
)LJ+RRSVWUHVVFRPSDULVRQD'PRGHODWDQGE'PRGHO9DOXHVDUHLQ3D
5HOLDELOLW\VWXG\
$VFRPPRQO\NQRZQFUDFNVDUH OLNHO\ WR LQLWLDWHDQGJURZLQDZHOGRUDW WKHYLFLQLW\RIDZHOGLQ WKH+HDW
$IIHFWHG=RQH%RWKD[LDOFUDFNVGULYHQE\FLUFXPIHUHQWLDOWHQVLOHVWUHVVHVDQGFLUFXPIHUHQWLDOFUDFNVGULYHQE\
D[LDOVWUHVVHVPD\JURZLQFRQQHFWLRQWRFLUFXPIHUHQWLDOZHOGV+RZHYHURQO\FLUFXPIHUHQWLDOFUDFNVDUHOLNHO\WR
JURZORQJHQRXJKWRFDXVHWRWDOIDLOXUHRIDF\OLQGULFDOVWUXFWXUH$[LDOFUDFNVDUHOLPLWHGE\WKHOHQJWKRIWKHZHOG
UHVLGXDOVWUHVVHV]RQHDQGFDQWKHUHIRUHDWPRVWOHDGWROHDNDJH
7R LOOXVWUDWHKRZ VWDUWVWRS HIIHFWV LQIOXHQFH UHOLDELOLW\ WZR IUDFWXUHPHFKDQLFDO DVVHVVPHQWVZHUHFDUULHGRXW
RQHRQUHVXOWVIURPWKH'VLPXODWLRQ)LJEDQGWKHRWKHURQUHVXOWVIURPWKH'VWDUWVWRSVLPXODWLRQ)LJD
$[LDOVWUHVVHVZHUHH[WUDFWHGLQWKHPLGSODQHDORQJWKH&HQWHU/LQHDQGSORWWHGRQ)LJIRUFRPSDULVRQ


)LJ'DQG'VWDUWVWRSPRGHOD[LDOVWUHVVLQWKHPLGSODQHDORQJ&HQWHU/LQH
7KH GDPDJH WROHUDQFH DQDO\VLV LV EDVHG RQ WKH 5 PHWKRG DQG ZDV FRQGXFWHG XVLQJ DQ ,QVSHFWD LQKRXVH
GHYHORSHGVRIWZDUH3UR6$&&3URIHVVLRQDOWRROIRU6DIHW\$VVHVVPHQWRI&UDFNHG&RPSRQHQWV>@$FRPSOHWH
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FLUFXPIHUHQWLDOLQWHUQDOVXUIDFHFUDFNORDGHGZLWKDSUHVVXUHORDGJLYLQJD03DWHQVLOHVWUHVVLVFRQVLGHUHGVHH
)LJ0DWHULDOSDUDPHWHUVDUHOLVWHGLQ7DEOH
7DEOH0DWHULDOSDUDPHWHUV
(ODVWLFLW\
0RGXOXV
E*3D
<LHOG6WUHQJWK
ı\03D
7HQVLOH6WUHQJWK
ıX03D
)UDFWXUH7RXJKQHVV
KFU03DP
   

7KH FUDFNGHSWK IRU LQLWLDWLRQRI IDLOXUHEDVHGRQ WKH'DQDO\VLVZDV IRXQG WREHPPZKHUHDV WKH FUDFN
GHSWKIRULQLWLDWLRQRIIDLOXUHEDVHGRQWKHVWDUWVWRS'DQDO\VLVZDVIRXQGWREHPPZKLFKLVDUHODWLYHO\ODUJH
GHJUDGDWLRQ


)LJ6NHWFKRIDFRPSOHWHFLUFXPIHUHQWLDOLQWHUQDOVXUIDFHFUDFNLQDF\OLQGHU5LLVWKHLQQHUUDGLXVWWKHWKLFNQHVVDQGDWKHFUDFNGHSWK
&RQFOXVLRQV
7KUHH GLPHQVLRQDOZHOG UHVLGXDO VWUHVVHV VLPXODWLRQV KDYH EHHQ FDUULHG RXW RQ D'LVVLPLODU0HWDO:HOG7KH
JHRPHWU\EHLQJD[LV\PPHWULF'UHVXOWVZHUHFRPSDUHGZLWKD[LV\PPHWULF'UHVXOWV7KHPDLQFRQFOXVLRQVDUH
DVIROORZV
:HOGUHVLGXDOVWUHVVHVGHSHQGRQWKHFURVVVHFWLRQORFDWLRQDVWKHVWHDG\VWDWHUHJLRQLVSUHFHGHGE\DWUDQVLHQW
UHJLRQ7KHWUDQVLWLRQIRUWKLVSDUWLFXODUJHRPHWU\WDNHVSODFHDURXQGDIWHUWKHZHOGVWDUWORFDWLRQ
6WDUWVWRSHYHQWVDUHGHWULPHQWDOWRUHOLDELOLW\7KHH[WUDWKHUPDODQGWKHUHIRUHPHFKDQLFDOORDGLQJLQFUHDVHVWKH
VWUHVVOHYHOPDUNHGO\ZKLFKLQIOXHQFHVWKHFUDFNGHSWKIRULQLWLDWLRQRIIDLOXUH
5HSDLUHYHQWVDUHDOVRGHWULPHQWDOWRUHOLDELOLW\0RUHRYHUD[LV\PPHWULF'VWUHVVVLPXODWLRQVFDQJLYHWKHIDOVH
LPSUHVVLRQ WKDW SDUW RI WKHZHOG H[SHULHQFH KLJK FRPSUHVVLYH VWUHVVHVZKLFKZRXOG EH EHQHILFLDO 3DUWLDO VWUHVV
UHSDLUVVKRXOGWKHUHIRUHQRWEHPRGHOOHGLQ'DVWKHUHVXOWVDUHQRWFRQVHUYDWLYH
$FNQRZOHGJPHQWV
7KHDXWKRUVZDQWWRH[SUHVVWKHLUVLQFHUHJUDWLWXGHWR+nNDQ/LQGDQG-DQ*UDQOXQGDW6,08/,$1RUGLFV&6(
IRUWKHLUHIIHFWLYHDQGHQWKXVLDVWLFVXSSRUWRQVLPXODWLRQUHODWHGLVVXHV
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